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CHAPTER 1
INTRODUCTION
Due to the vast amounts of diversity in insect pigmentation patterns present
throughout all insect lineages, the mechanisms controlling this unique characteristic has
become one of the most researched and documented systems of insect biology.
Currently, the most comprehensive studies have focused on the pigmentation of
Drosophila, covering the pteridine, ommochrome, and melanin pathways (Summers
1982; Wittkopp et al. 2009). These initial findings have been further supported with
additional data from other select insect orders, Coleoptera, Lepidoptera, and Hemiptera,
suggesting the conserved role of these pathways in the pigmentation process (Fabrick
et al. 2004; Shirataki et al. 2010; Liu et al. 2014). Even with the wealth of information
available on the mechanisms controlling coloration, limiting these studies to select
insect orders prevents us from fully understanding how these processes apply to the
pigmentation of other non-model species.
With the majority of all insects displaying black or brown pigments during one or
multiple stages of their life cycle, an emphasis has been placed on the contribution of
the melanin pathway to insect pigmentation throughout development. As proposed in
Drosophila, the melanin pathway begins when tyrosine is converted to DOPA
(dihydroxyphenylalaninbe) by tyrosine hydroxylase (TH), one of the essential melanin
genes. DOPA can then undergo two different steps, it can be used directly to produce
DOPA melanin (black pigment), or it can be further converted to Dopamine by a second
essential melanin gene, DOPA decarboxylase (DDC). Dopamine is primarily utilized to
produce Dopamine melanin (brown/black pigments), but it can also be converted into
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two other major catecholamine metabolites.

To produce yellow sclerotin, ebony

converts Dopamine to N-β-alanyldopamine (NBAD), a key step in the NBAD branch.
Moreover, the formation of clear sclerotin is due to production of N-acetyldopamine
(NADA) by aralkylamine N-acetyltransferase (aaNAT), the intial step of the NADA
branch of the melanin pathway (Wright 1987; Wittkopp et al. 2003). A generalized
summary of this proposed melanin biosynthesis pathway can be found in Figure 1.
Upon the production of these different forms of melanin precursors, there are several
additional steps in the melanziation process before the final pigmentation pattern is
achieved. The final step in this process is sclerotization, where the above melanin
pigment precursors undergo a cascade of biochemical reactions before the end
products are incorporated into the hard exoskeleton of insects (Wittkopp et al. 2009).
Even though melanization and sclerotization have been primarily studied in
select model species and are fairly well understood, it is still not clear if these processes
function in the same manner in all insect species. With the presence of two different
modes of development, holometabolous and hemimetabolous, it is not possible to
determine the definitive application of these processes without fully analyzing both
scenarios.

In insects that go through the former mode of development a full

rearrangement of tissues is observed at each stage of their life cycle, embryo, larva,
pupa, and adult (complete metamorphsis). In contrast, the latter mode of development
utilizes a partial or incomplete metamorphosis, where a gradual rearrangement of
tissues is observed. Upon hatching (egg), these insects go through multiple nympal
stages, which can range from three to fifteen depending on the insect, before they reach
their final adult form.

No matter which type of development insects undergo,
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melaninzation and sclerotization must occur at each stage of the life cycle as new
cuticle forms (Andersen 2010). This is why it is critical to study the contribution of the
melanin pathway to black/brown pigmentation during the early stages of development
(larval/nymphal) as well as at the final adult stage, as it may be utilized differently
throughout ontogenesis.
Currently, there is a wealth of information on the contribution of the melanin
pathway to insect pigmentation in both holometabolous and hemimetabolous insects.
Based on these reports, we have identified four genes that play a significant role in
pigmentation patterning: TH, DDC, ebony, and aaNAT. A recent functional study in
Oncopeltus shows that the RNAi knockdown of TH results in a complete reduction of
black pigmentation throughout the entire body (Liu et al. 2014).

In addition,

expressional studies in Papilio show that there is a correlation between melanin genes
and black coloration, as TH is expressed in an identical pattern as the dark body
patterns (Futahashi et al. 2005; Shirataki et al. 2010). The studies mentioned above
also focus on the role of DDC in pigmentation, where similar results were observed.
The subsequent knockdown resulted in a substantial decrease in black pigmentation,
while the DDC expression patterns were also identical to the observed dark body
patterns. Taken together, these results along with the proposed melanin pathway (Fig.
1) suggest that TH and DDC are essential for melanin production.
The findings in the studies mentioned above infer that the role of the melanin
pathway in black/brown pigment production is conserved throughout all insect lineages,
as its presence and proposed function was observed in both a hemi- and
holometabolous species. In addition to these, there have also been further studies on
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the two other branches of the melanin pathway, NBAD and NADA. In Bombyx, the
overexpession of ebony, a key gene of the NBAD branch caused a global lightening of
the larval pigments (Osanai-Futahashi et al. 2012). In addition, the knockdown of this
gene in Oncopeltus resulted in an increase of black pigmentation in the anterior body
regions (head and thorax) and forewing (Liu et al. 2015).

These reports support

previous findings in Drosophila, showing that the function of ebony is to suppress
melanin formation (Wittkopp et al. 2002). Taken together, it is apparent that the NBAD
branch of the melanin pathway is critical for maintaining the proper intensity of
black/brown pigmentation.

Furthermore, studies on the NADA branch signify that

aaNAT plays a similar role in melanin suppression. In Bombyx, a holometablolous
species, the overexpression of aaNAT resulted in the loss of black pigmentation
throughout the larval body (Osanai-Futahashi et al. 2012), while its knockdown resulted
in a global darkening of body coloration in adults (Zhan et al. 2010).

Comparable

results were observed in the hemimetabolous species Oncopeltus where RNAi
individuals show an increase in melanization in the anal lobe of the hindwing, which
typically has no pigmentation (Liu et al. 2015). Overall, the studies of the NBAD and
NADA branches of the melanin pathway evidently establish the suppressive roles of
ebony and aaNAT in holo- and hemimetabolous insects. It is quite apparent that these
two genes play a significant role in the diversity of insect pigmentation patterns, as they
are essential for establishing the correct intensity of brown/black pigmentation as well
as producing clear sclerotin. Without the function of these two genes the formation of
distinct pigmentation patterns may not be possible.
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Even though the genes of the melanin pathway have been extensively studied in
many different insects, a complete analysis (throughout ontogenesis) has never been
completed in a single species. More often than not, this has been due to the limitations
and/or effectiveness of current molecular tools, which are not always applicable at every
stages of development in all insects. For instance, the knockdown of TH, one of the
essential melanin genes, is lethal in Drosophila adults and Oncopeltus nymphs.
Furthermore, due to the importance of the melanin pathway in many different
physiological processes such as, pigmentation, defence reactions (immunity), wound
healing, and cuticle hardening (Sugumaran 2002), it may not be possible to fully
analyze this pathway throughout ontogenesis in current model species. To overcome
these roadblocks, we utilized the American cockroach, Periplaneta americana, in our
functional analysis of the melanin pathway.

The availability of an effective RNAi

protocol that has a proven track record of producing results when utilized in either an
embryonic or post-embryonic manner allows us to analyze the melanin genes at all
stages of development (Hrycaj et al. 2010). In addition, being a more basal insect order
(Blattodea) makes Periplaneta a well-suited model to study the evolution and
divergence of insect pigmentation (Fig. 1.1).

Overall, these characteristics make

Periplaneta an ideal model species for pigmentation studies, as it allows one to study
the contribution of the melanin pathway to brown/black pigmentation in both nymphal
and adult stages of development in a single insect. The complete analysis of TH, DDC,
ebony, and aaNAT would allow us to investigate the specific function of each branch of
the melanin pathway (the initial branch, NBAD, and NADA).

	
  

Therefore, providing

6
additional insight into the pigmentation process at all stages of development in a single
species for the first time.
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Fig. 1: A summary of the proposed melanin biosynthesis pathway in Drosophila as
described by Wright (1987) and Wittkopp et al. (2003). Genes of interest that will be
analyzed in Periplaneta americana include TH, DDC, ebony, and aaNAT. TH converts
tyrosine to DOPA, which is used to produce DOPA melanin (black pigment) or is further
converted to dopamine by DDC. Dopamine is then used in a variety of ways: (1) To
directly produce dopamine melanin, black or brown pigments. (2) Further converted by
the NBAD branch of the melanin pathway, preventing melanization.

(3) Further

converted by the NADA branch of the melanin pathway resulting in clear sclerotin.
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Figure 1	
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Fig 1.1:

The evolutionary relationship of select insect species.

An abbreviated

phylogenetic tree showing the progression of insect divergence. Orders mentioned in
this study include: Zygentoma, Blattodea, Hemiptera, Coleoptera, Lepidoptera, and
Diptera.
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Figure 1.1
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CHAPTER 2
A functional analysis of TH and DDC during embryonic and post-embryonic
development in the cockroach, Periplaneta americana
INTRODUCTION
The pigmentation process (melanization) is one of the most variable and
distinguishable features of insect morphology. This characteristic is easily one of the
most important facets of insect development, as it plays numerous vital roles in
adaptation (camouflage), behavior, and reproduction (Nijhout 1991). This process also
contributes to an insects innate immunity, as it is necessary for cuticle hardening, which
in necessary for protection against environmental stresses (Andersen 2010; Dubovskiy
et al. 2013). Throughout the life cycle of both holometabolous and hemimetabolous
insects melanization is repeated multiple times as they undergo metamorphosis. The
resulting individuals distinct colorations are due to a process known as sclerotization,
where the synthesized pigment precursors undergo a cascade of biochemical reactions
whose end products are then incorporated into the hard exoskeleton (Wittkopp et al.
2009). This is the primary method responsible for creating the astonishing amounts of
diversity in insect coloration and patterning that are observed in nature.
The majority of pigmentation studies have been established in the adults of a
holometabolous model species, Drosophila. These studies indicated that the bulk of
body and wing pigmentation is produced via the melanin pathway (Wright 1987;
Wittkopp et al. 2002; Wittkopp et al. 2003). As described by Wright (1987), the melanin
pathway begins with the conversion of tyrosine to DOPA (dihydroxyphenylalanine) by
tyrosine hydroxylase (TH).

DOPA is then used to produce DOPA melanin (black
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pigment).

Alternatively, it can be further converted to dopamine, by DOPA

decarboxylase (DDC). Once produced, dopamine is either used directly to produce
dopamine melanin (black or brown pigments) or is further converted by multiple
enzymes to produce different forms of sclerotin (Fig. 1). Additional functional data in
Tribolium (Arakane et al. 2009), in combination with expression studies in the wings of
Heliconius (Ferguson et al. 2011), suggest that the melanin pathway plays a conserved
role in the adults of holometabolous species.
While a majority of pigmentation studies focus on the function of the melanin
pathway in adult insects, additional information regarding its role during the early stages
of holometabolous development is also available. Recent expression studies in the
larva of Papilio indicated that there is a correlation between melanin genes and black
pigment (Futahashi et al. 2005; Shirataki et al. 2010).

They found that the spatial

expression of key melanin genes are localized in an identical pattern to the black
markings on the larva abdominal segments, suggesting that the melanin pathway plays
a role at this stage of Papilio development.

However, without a viable functional

analysis, the direct role of these melanin genes could not be evaluated.

This, in

combination with limitations in the effectiveness of current molecular techniques, which
can produce a lethal or null response in the above model species (Drosophila,
Tribolium, and Papilio), have prevented a complete analysis of the role of the melanin
pathway throughout development in any single species. In spite of this, when available
data from the adults and larva of different holometabolous species is combined, there is
sufficient evidence to suggest that this pathway is responsible for the formation of black
pigmentation at each stage of ontogenesis.
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Due to the differences between holometabolous and hemimetabolous insect
development, it is unclear if the conserved functions of the melanin pathway genes work
in a similar manner in the more basal insect species.

During hemimetabolous

development, the insects undergo an incomplete metamorphosis where individuals
experience a gradual change in appearance from nymphs to adults, with each nymphal
stage resembling a miniature adult. At the end of each stage, the exoskeleton is shed
and sclerotization occurs as new cuticle forms (Andersen 2010). A recent study in
Oncopeltus, an aposematic hemimetablolous insect, clarified some of these questions,
confirming the conserved role of the melanin pathway as the predominant producer of
black pigment in adults (Liu et al. 2014). Nonetheless, the embryonic knockdown of
melanin genes produced lethal effects, preventing a detailed analysis of the
pigmentation process during the earlier stages of development in a hemimetabolous
species.
To fill in the gap, we utilized the American cockroach, Periplaneta americana, to
study the contribution of the melanin pathway to black/brown pigmentation during
hemimetabolous development (nymphal vs. adult). This species is well suited to study
the function of pigmentation genes throughout onotogenesis, as Periplaneta undergo
nine to twelve nymphal stages before the reach their adult form. In addition, the large
size of the nymphs and the availability of an effective and proven RNAi protocol (Hrycaj
et al. 2010) allows for an earlier analysis that was not previously possible in other
hemimetabolous nymphs (Oncopeltus), due to their relatively small size.

The high

survival rate of Periplaneta also makes it easier to analyze essential melanin genes
during these early stages of ontogenesis, another feature not possible in Oncopeltus,
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due to the lethality of gene knockdown (Liu et al. 2014). Furthermore, Periplaneta is a
more basal insect group with non-aposematic features; a uniform brown pigment
encompasses their entire body. This characteristic makes them suitable for examining
the evolution and divergence of insect pigmentation, as many of the most ancient
insects, Thermobia domestica (firebrat) and Lepisma saccharina (silverfish), have a
similar uniform pigmentation.
In this study we performed an embryonic and post-embryonic RNAi analysis of
two essential enzymes in the melanin pathway, TH and DDC (Wright 1987; Arakane et
al. 2009), in order to examine their functions throughout ontogenesis. Our embryonic
RNAi results establish that the melanin pathway has no significant role in the
pigmentation of Periplaneta 1ST nymphs, indicating that another pigmentation pathway
must be responsible for their light brown coloration. In contrary, our post-embryonic
results in 5TH nymphs and adults show that the melanin pathway is present and
functioning, further confirming its conserved role of the production of brown pigment,
with Dopamine being its primary contributor. Overall, these observations suggest that
there is a switch in the pigmentation process during ontogenesis of Periplaneta, which
has never before been observed.
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MATERIALS AND METHODS
Cloning and sequence analysis of TH and DDC cDNA fragments
The ootheca of Periplaneta americana were collected and incubated at 37º C for
3-4 weeks.

Late stage embryos were then dissected out and used for total RNA

extraction. The RNA was then used for the following: production of complementary
DNA (cDNA), reverse transcription polymerase chain reaction (RT-PCR), and cloning.
All methods were performed following procedures as previously described by Li and
Popadic (2004). To obtain the desired gene fragments multiple reactions of nestedPCR were utilized.

The TH fragment was amplified using three sets of nested

degenerate primers, 5’-GCIGTIGCIGCIGCICARAARAAY-3’, 5’-MGIMGIMGIWSIYTIGTI
GAYGAY-3’, and 5’-GCIMGITTYGARACIYTIGTIGT-3’ as forward primers, with 5’-ARIA
RICCIGCIGCIGGICKIAR-3’, 5’-RTAIGCRAAIGCDATYTCIGCDAT-3’, and 5’-YTTRTC
IGCRAAICCIGGRTGRTT-3’ as reverse primers.

The DDC fragment was amplified

using two sets of nested degenerate primers, 5’-GGIGTIACICAYTGGCAYWSICC-3’
and 5’-TTYCAYGCITAYTTYCCIACIGC-3’ as forward primers, and 5’-CKRAAICKI
CKICCIARIGGDAT-3’ and 5’-YTGCCARTGICKRTARTCIGGIGC-3’ as reverse primers.
Using the above primers a RT-PCR was performed for both genes using the following
conditions: 94º C for 2 minutes; 35 cycles of 94º C for 30 seconds, 72º C for 90 seconds;
one cycle at 72º C for 7 minutes. This yielded a 779 bp fragment of TH and a 275 bp
fragment of DDC. These two fragments were then used to produce ten clones of each.
DNA from these clones was then isolated and sent out for sequencing. The resulting
nucleotide sequences were compared to each other and to known sequences in
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Genebank for confirmation. Through this sequence analysis we determined that our
clones were Peripelaneta americana TH and DDC orthologues.
RNA Interference (RNAi)
Double stranded RNA (dsRNA) was prepared and injected into the ventral
abdomens of Periplaneta adults or nymphs, as described by Chesebro et al. (2009).
For embryonic RNAi, approximately 3µl of dsRNA was injected into the posterior
abdomen of each adult female twice with three hours between each injection at a
concentration of 3-4µg/µl. For post-embryonic RNAi, approximately 3µl of dsRNA was
injected at a concentration of 3-4µg/µl into each 4TH nymph. If required, injections were
repeated after each successive molt until the adult stage (one month in between
injections). In total, of the 15 nymphs injected with TH, 9 successfully molted into
adults. For DDC RNAi, of the 15 nymphs injected, 11 successfully molted into adults.
All images were chosen to show the most representative phenotypes.
RT-PCR Analysis
To determine the efficiency of our embryonic approach, we performed
independent RT-PCR analyses on TH and DDC. The oothecas from clutch #10 were
dissected to collect living late stage embryos. The collected embryos were then used
for total RNA extraction and cDNA generation, as described by Chesebro et al. (2009).
This same procedure was applied to the oothecas of wild type individuals at a similar
stage of development. Equal amounts of wild type and RNAi embryonic cDNA were
used as templates in individual PCR reactions to assess the amount of relative
transcripts that were abolished in the injected individuals. As positive controls, the
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QuantumRNA Universal 18S Internal Standard primers pair (Life Technologies) was
used in the wild type and TH or DDC knockdowns. The TH and DDC transcripts were
amplified using primers specifically designed for Periplaneta americana.

TH was

amplified using the forward primer 5’-GAAGAATCGCGAGATGTTCG-3’ and the reverse
primer 5’-GGACCTTGATGCTGATGCT-3’. The PCR reaction conditions for TH were as
follows: 94º C for 2 minutes; 29 cycles of 94º C for 30 seconds, 55º C for 60 seconds,
72º C for 30 seconds; one cycle of 72º C for 7 minutes. DDC was amplified by using the
forward primer 5’-GGTTCAGCGAGCGAAGTT-3’ and the reverse primer 5’-ATG
GGATGAGACCCTTTTCC-3’. The PCR reaction conditions for DDC were as follows:
94º C for 2 minutes; 28 cycles of 94º C for 30 seconds, 57º C for 45 seconds, 72º C for
30 seconds; one cycle of 72º C for 7 minutes. In both instances, there was a significant
reduction in the transcription levels of RNAi individuals when compared to wild types.
Image Processing
Microscopy images were taken using SZX16 Microscope (Olympus) and a DP72
camera (Olympus). All images were taken using the same magnification, exposure
time, and intensity of light.
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RESULTS
A functional analysis of TH and DDC in Periplaneta americana nymphs
The fully pigmented wild type 1ST nymphs display a transparent light brown
coloration that encompasses their entire body (Fig. 2A). As they progress through their
life cycle and continue to develop there is an increase in the intensity of dark brown
pigments in the later nymphal and adult forms. To test if and how the melanin pathway
contributes to the pigmentation patterns during the earliest stage of development, we
performed embryonic RNAi analyses of two essential melanin genes: TH and DDC.
Due to the conserved role of the melanin pathway in brown/black pigment production
(Wittkopp et al. 2002; Wittkopp et al. 2003; Arakane et al. 2009; Liu et al. 2014), we
expected the knockdown of TH or DDC to cause a reduction of brown pigmentation
throughout the entire body. However, in Periplaneta the embryonic RNAi knockdown of
these two genes resulted in 1ST nymphs with phenotypes identical in color to those
observed in wild type individuals, a slightly transparent and light brown pigmentation
(Fig. 2B&C). To confirm the efficiency of our RNAi depletions, we performed an RTPCR analysis of both genes. Results confirmed that there was about a 95% reduction
in both TH (Fig 2.1A) and DDC (Fig. 2.1B) transcripts. These findings signify that our
RNAi application was properly functioning and caused an efficient depletion of each
gene’s transcript. Taken together, these findings suggest that the melanin pathway
plays no significant role in the pigmentation of Periplaneta 1ST nymphs, indicating that
another pigmentation pathway must be contributing to the light brown coloration
observed at this stage of development.
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During the later stages of Periplaneta development there is a significant shift in
the degree of brown pigmentation present in nymphs leading to a dark brown
appearance, as shown by the comparison between wild type 1ST nymphs (Fig. 2A) to
5TH nymphs (Fig 2D).

To test if the melanin pathway contributes to this observed

increase in intensity, we performed a post-embryonic RNAi analysis of TH.

The

subsequent knockdown of TH resulted in white nymphs, lacking pigmentation
throughout the entire body (Fig 2E). This observation confirms that unlike the early
nymphs, the dark brown coloration of later nymphs is produced solely from the melanin
pathway in Periplaneta.
Previous reports on melanin pathway have suggested that brown/black melanin
is derived from either DOPA or Dopamine, the two direct precursors of black melanin
(Wright 1987; Walter et al. 1996). With the confirmation of the role of the melanin
pathway, it is now possible to determine which precursor is mainly contributing to the
brown pigmentation of Periplaneta late nymphs. To test this we performed an RNAi
knockdown of DDC, the enzyme responsible for converting DOPA to Dopamine (Fig. 1).
Due to its position in the melanin pathway, we can surmise that the pigmentation still
present in the resulting RNAi nymphs can be attributed to DOPA melanin. Upon the
depletion of DDC, we observed a massive decrease in the amount of brown
pigmentation present, resulting in light brown nymphs (Fig. 2.2C). When compared to
TH RNAi, the reduction of pigmentation is not as severe. These observed levels of
reduction in melanization are similar to a previous report in Oncopeltus (Liu et al. 2014),
where a comparable decrease in coloration was observed in the respective RNAi
knockdowns. These similarities indicate that dopamine melanin is the main component
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of black/brown pigments in late nymphs of Periplaneta. When taking into account the
contribution of the melanin pathway in both early and late nymphs, it is quite clear that
there is a switch in the mechanism governing pigmentation during the ontogenesis of
Periplaneta.
A functional analysis of TH and DDC in Periplaneta americana adults
As in all hemimetabouls insects, the final adult form is very similar in appearance
to its nymphyal stages. This is observed in wild type Periplaneta adults, which have the
same uniform dark brown pigmentation as observed in late nymphs. The dark brown
coloration encompasses the whole adult body, covering the majority of their dorsal and
ventral sides (Fig 2.2A&A1). The FW of adults display a uniform dark brown coloration
covering the entirety of the wing (Fig 2.2A2). The HW has a distinct pigmentation
pattern with a dark brown pigment present on the anterior-distal region and a lack of
pigment in the posterior-proximal region (Fig 2.2A3).
Due to the results observed in early and late nymphs indicating a significant
change in the pigmentation process during development, it is critical to determine if the
melanin pathway, which is present in late nymphs, is also responsible for the dark
brown pigmentation of Periplaneta adults.

To test this scenario we performed an

identical post-embryonic RNAi analysis of TH during the final nymphal stage.

The

resulting TH RNAi adults showed a complete absence of pigmentation on their dorsal
and ventral sides resulting in a white appearance (Fig. 2.2B&B1). Both the TH RNAi
FW (Fig. 2.2B2) and HW (Fig. 2.2B3) lack all pigmentation and are completely
transparent. As expected, due to the similarities in late nymph and adult pigmentation,
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this result confirms that the melanin pathway is responsible for the melanization of
Periplaneta adults.
As previously stated, Dopamine melanin was the main contributor of brown
melanin in late nymphs. To further verify this result and to confirm if the same scenario
is occurring in Periplaneta adults, we performed an RNAi analysis of DDC during the
last nympal stage. Upon the depletion of DDC, the resulting adults show a significant
reduction in the dark brown pigmentation, exhibiting a light brown coloration
encompassing their dorsal and ventral sides (Fig. 2.2C&C1). The FW shows a similar
reduction in coloration and its entire “surface” is light throughout (Fig. 2.2C2). The HW
has a similar pigment pattern as observed in the wild type HW phenotypes but is much
lighter in color, light brown (Fig 2.2C3). These results confirm that the melanin pathway
is required for proper pigmentation during the final metamorphosis into adults. They
also further verify that dopamine melanin is the main contributor to brown pigmentation
in Periplaneta.

Overall, the embryonic and post-embryonic analyses infer that two

different pigmentation processes must be occurring during the Periplaneta life cycle.
During early stages of development our results suggest that the light brown
pigmentation in controlled by a currently unknown pigment pathway. With the later
stages of ontogenesis (5TH nymphs – adults), which display a dark brown pigment,
controlled by the melanin pathway.
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Fig. 2:

The embryonic and post-embryonic RNAi functions of TH and DDC in

Periplaneta americana nymphs. (A) A wild type first nymph has a uniform and slightly
transparent light brown pigmentation encompassing the entire body. (B) TH RNAi first
nymphs show a wild type phenotype, as the entire body is light brown in coloration. (C)
DDC RNAi first nymphs have similar results showing an overall light brown
pigmentation.

(D) A wild type late nymph has a uniform dark brown pigmentation

encompassing the entire body. (E) TH RNAi late nymphs are white in color showing an
overall loss of brown pigmentation throughout the whole body. (F) DDC late nymphs
are light brown in color displaying a severe reduction in brown coloration. All images
were taken two days after hatching/molting.
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Figure 2
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Fig. 2.1: The RT-PCR analysis of embryonic TH and DDC RNAi in late stage embryos.
(A) The confirmation of TH transcript knockdown. (B) Verification of the knockdown of
DDC transcript.
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Figure 2.1
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Fig. 2.2: The post-embryonic functions of TH and DDC in Periplaneta americana adults.
(A-A3) The pigmentation patterns of wild type adult Periplaneta. (A&A1) The dorsal and
ventral sides have dark brown pigmentation covering the majority of the body. (A2) The
FW displays a uniform dark brown coloration. (A3) The HW is dark brown in color in the
anterior-distal region and unpigmented in the posterior-proximal region. (B-B3) The TH
RNAi phenotypes observed in Periplaneta adults. (B&B1) The dorsal and ventral sides
show a severe reduction in brown pigmentation resulting in a white appearance. The
TH RNAi FW (B2) and HW (B3) lack all pigmentation, are completely transparent. (CC3) The DDC RNAi phenotypes also show a reduction in brown pigmentation. (C&C1)
The dorsal and ventral sides exhibit a light brown coloration encompassing the entire
body. (C2) The FW is also completely light brown in color. (C3) The HW has a similar
pigment pattern to those observed in wild type HW phenotypes, but is much lighter in
color, from light brown to clear. Abbreviations: FW, forewing; HW, hindwing.
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Figure 2.2
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DISCUSSION
A switch in the pigmentation process occurs at a specific stage during
Periplaneta development
There have been numerous functional studies in holometabolous (Drosophila
and Tribolium) species suggesting the conserved role of the melanin pathway in adult
insect pigmentation (Wright 1987; Wittkopp et al. 2002; Wittkopp et al. 2003; Arakane et
al. 2009). In most instances, the knockdown of TH and DDC, two essential genes in the
melanin pathway, resulted in the loss or reduction of black/brown pigmentation. In
addition, there have been several expression studies in the holometabolous butterfly,
Papilio, showing that the two melanin genes mentioned above are localized and
expressed in an identical pattern as the observed black markings on the larval abdomen
(Futahashi et al. 2005; Shirataki et al. 2010). Although no functional data at this early
stage of development is available, these finding imply that the melanin pathway is
responsible for black/brown pigmentation during the initial stage of development. Taken
together, it is likely that the mechanism responsible for black/brown pigmentation is
functioning throughout ontogenesis due to the presence of the melanin pathway at the
larval stage in Papilio and the adult stage of Tribolium and Drosophila, which are all
holometabolous species. Even though this suggestion is based on data complied from
multiple studies at different stages of development, their agreement of a conserved role
of the melanin pathway in regards to pigmentation increases the plausibility of this
scenario occurring in insects that undergo this mode of development. However, it is
unknown if this same principle can be applied to hemimetabolous species, as a recent
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study in Oncopletus confirmed the function of the melanin pathway in adults only (Liu et
al. 2014).
In current study, we utilized the hemimetabolous insect, Periplaneta, to fill in
these gaps and study the role of pigmentation during early nymphal development. In
contrast to previous studies, our RNAi experiments show that the melanin pathway is
not responsible for pigmentation during the earliest stages of development, which has
never before been observed. The embryonic knockdowns of TH and DDC resulted in
1ST nymphs that were identical in color to wild type individuals. Due to the presence of
a light brown pigmentation in the resulting nymphs, this unexpected result indicates that
a secondary pigmentation pathway must be present. A possible candidate pathway,
which has been shown to produce brown pigments in the eyes of Drosophila, is the
ommochrome pathway (Ryall et al. 1974). However, with the majority of pigmentation
studies attributing black/brown coloration of insect bodies to melanization, it is very
unlikely that ommochrome pigments are utilized outside of the eye. This is why it is
necessary to take a more in depth look of Periplaneta pigmentation to evaluate what is
happening at the early stages of development. With the recent de novo sequencing and
characterization of the Periplaneta americana transcriptome (BioProject ACCN:
PRJDB1997) it is now much easier to identify other possible candidate genes that may
be responsible. The functional testing of these genes would be extremely beneficial
and would help confirm the existence of another pathway or individual gene that might
be controlling the light brown pigmentation of Periplaneta 1ST nymphs.
In spite of this new phenomenon, the melanin pathway is in fact still present and
functioning during the later stages of Periplaneta development. Our post-embryonic
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RNAi experiments in late nymphs and adults show that the knockdown of either TH or
DDC causes the loss or reduction of brown pigmentation, respectively. As the melanin
pathway does not contribute to coloration during early development, its confirmed
function in the generation of dark brown pigment at the later stages signifies a switch in
the pigmentation process at some point during ontogenesis. With a majority of our data
coming from Periplaneta adults along with 1ST and 5TH nymphs, the exact timing of this
switch cannot be determined as of yet.

Hopefully further RNAi analyses of each

nymphal stage (1-4) will shed light on when melanization first occurs and help clarify
what is controlling pigmentation at the earliest stages of development.
DOPA vs. Dopamine: The main contributor of brown melanin
Our in depth RNAi analyses of these two genes has provided significant data that
can contribute to a long standing dispute, determining the main precursor of melanin
(Gibert et al. 2007). It was first proposed that Dopamine was the main contributor to
black melanin as Drosophila DDC- mutants display a considerable decrease in melanin
production (Wright 1987; Walter et al. 1996). However, later studies suggested DOPA
also contributes to the overall black coloration of Drosophila (Nijhout 1991; Johnson et
al. 2001; Wittkopp et al. 2002; Wittkopp et al. 2003). Based on our DDC RNAi results in
late nymphs and adult Periplaneta, which both show a massive reduction in brown
pigmentation, we are in agreement with the more recent reports of a combined role in
melanization where DOPA and Dopamine melanin contribute to overall pigmentation.
This is most apparent in our DDC RNAi adults where the entire body and wings lose a
considerable amount of coloration, signifying that Dopamine is the main contributor of
brown melanin. However, we know that DOPA melanin also contributes, although in a
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lesser extent, as brown pigments are still present after the depletion of DDC.
Furthermore, these results indicate that DOPA can also produce brown melanin, which
has not been observed in the previous pigmentation studies.

These results, in

combination with similar findings in another hemimetabolous species, Oncopeltus (Liu
et al. 2014), further suggest that the function of the melanin pathway is conserved in the
adults of all insects lineages.
The origin and evolution of insect pigmentation
Periplaneta (Blattodea) is an excellent species to study the origin of pigmentation
due to its status as one of the early insect groups (Fig. 1.1). Not only are they one of
the more basal hemimetabolous insects, but they also have the same uniform
pigmentation pattern as some of the most ancient insects, Thermobia domestica
(firebrat) and Lepisma saccharina (silverfish). Due to these similarities and the results
of our current study, we speculate that the role and function of the melanin pathway has
been prevalent at least in the adults of most insect species throughout evolution.
However, the apparent switch in the pigmentation process during Periplaneta
development raises some interesting questions about the evolution of pigmentation. As
previously stated, pigmentation studies in holometabolous insects indicate that melanin
genes could be functioning all the way through ontogenesis (Wittkopp et al. 2002;
Wittkopp et al. 2003; Futahashi et al. 2005; Arakane et al. 2009; Shirataki et al. 2010).
Since the melanin pathway was only observed functioning at the later stages of
development in Periplaneta, it seems that at some point during the evolutionary
progression from hemi- to holometabolous groups, there was also a change in the
overall pigmentation process.

More specifically, the more derived insect orders
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acquired the function of the melanin pathway during the earliest stages of ontogenesis.
Since this proposition is only based on one data point, it is very difficult to fully accept
this hypothesis. Without additional studies confirming the presence of a switch in the
pigmentation process it is unknown if it is indeed due to an evolutionary occurrence or a
characteristic unique to Periplaneta. As of now, it is not possible to test this hypothesis
in all model insect lineages, as some of their developmental stages lack pigmentation
(Drosophila). These additional insights would be invaluable for establishing how the
function of the melanin pathway has changed throughout insect evolution.
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CHAPTER 3
A functional analysis of ebony and aaNAT during embryonic and post-embryonic
development in the cockroach, Periplaneta americana
INTRODUCTION
Variations in pigmentation patterns are some of the most intricate and
distinguishable features of insect coloration. It is generally agreed that this trait is due
to the diversity in the utilization of melanin precursors in the production of different
pigments (Fig. 1) (Wittkopp et al. 2002). This is certainly apparent in insects where the
majority of studies have established that the melanin pathway is the key contributor to
black and brown pigmentation. In general terms, the melanin pathway can be divided
into three distinct branches, the primary branch composed of essential melanin genes,
the NBAD branch, and the NADA branch (Wittkopp et al. 2003). A recent review on the
pigmentation of model species describes how these branches all work collectively to
produce the black and brown pigmentation patterns in the body and wings of insects
(Wittkopp et al. 2009). Even though it was found that the conserved role of the melanin
pathway was not responsible for the pigmentation of Periplaneta early nymphs, it is
quite apparent that it is active during the later stages of development (Chapter 2). With
a complete analysis of the essential melanin genes (TH and DDC) recently completed in
Periplaneta, a follow up study on the NBAD and NADA branches is required to fully
understand the contribution of the melanin pathway to the pigmentation patterns of this
more basal hemimetabolous species.
A closer look at the melanin pathway (Fig. 1) shows that once it has been
produced, Dopamine can be used in a variety of ways (branches) for pigment
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production (Wright 1987). Principally, Dopamine is used in the production of black or
brown pigments. Alternatively, it can be used in either the NBAD or NADA branches of
the melanin pathway where it is further converted by the melanin suppressors ebony
and aaNAT. Previous studies have shown that a key component of the NBAD branch,
ebony, inhibits the production of black pigmentation (Wittkopp et al. 2002; Takahashi et
al. 2007; Tomoyasu et al. 2009). In contrast, studies of aaNAT, an essential gene of the
NADA branch, show that it is the gene responsible for the production of clear sclerotin
(Zhan et al. 2010; Osanai-Futahashi et al. 2012).

The variety of ways in which

Dopamine is utilized not only makes it a key factor in the production of black or brown
pigment, but also an important part of the patterning process.
Even with the basic function (suppression) of ebony and aaNAT agreed upon, as
described in the following studies, there are still some conflicting reports on the exact
role they play in body melanization. Functional studies in holometablous species show
that these genes are utilized throughout the body. In Drosophila, ebony null mutants
displayed an overall increase of black pigmentation, verifying its role as a melanin
suppressor (Wittkopp et al. 2002). Studies in Bombyx show that the overexpression of
either ebony or aaNAT during the larval stages results in the global lightening of
pigmentation (Osanai-Futahashi et al. 2012). In addition, the knockdown aaNAT during
the adult stage caused an overall increase in melanization (Zhan et al. 2010). However,
a more recent report in the hemimetabolous species, Oncopletus, indicates that these
genes have a region specific effect on pigmentation patterns (Liu et al. 2015). Through
RNAi knockdowns, they show that ebony is required for proper pigmentation in the head
and thorax, while aaNAT is only essential for HW patterning. Due to the observed
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differences in the function of ebony and aaNAT in these model species, it is difficult to
conclude how they might be utilized in the melanization of other insect species. In light
of the small number of individuals examined, it is critical to further study the effect of
melanin suppressors on body pigmentation in additional insects.
To fill in the gap, we expanded our initial study of the hemimetabolous species,
Periplaneta americana, to further analyze the other branches of the melanin pathway.
With this pathway functioning at the later stages of development in this species, a
complete analysis of ebony and aaNAT would provide additional insight into its
contribution to pigmentation.

In this study we performed an embryonic and post-

embryonic RNAi analysis of these two genes to further confirm our initial results, the
lack of function of the melanin pathway during early ontogenesis, and to evaluate the
contribution of the melanin suppressing genes to overall body pigmentation during the
later stages. Due to the position of the NBAD and NADA branches in the melanin
pathway (Fig. 1) and the results from Chapter 2 indicating that TH and DDC are not
contributing to pigmentation during the earliest stages of ontogenesis, we predicted that
the embryonic knockdowns of ebony and aaNAT would corroborate our initial findings.
As expected, the embryonic RNAi analyses of both genes resulted in no change in
phenotype. However, our post-embryonic RNAi analysis of ebony and aaNAT, shows
that the pigmentation process is much more complex in Periplaneta. In late nymphs,
the knockdown of ebony resulted in a full body response (global darkening), while the
depletion of aaNAT had no effect of pigmentation. In addition, upon the reduction of
ebony in Periplaneta adults, there was also a full body response.

In contrast, the

knockdown of aaNAT in adults showed a region specific response and only affected the
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T1 plate. Overall, our analyses of the NBAD and NADA branches in Periplaneta show
that pigmentation patterning is driven by a combination of both full body and region
specific melanization.

In addition to our initial results from Chapter 2, our findings

suggest that there is not only a switch in the pigmentaion process that occurs at a
specific point during Periplaneta development, from an unknown pathway to the melanin
pathway, but there is also a switch in the operation of the melanin pathway taking place
between late nymphs and adults.
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MATERIALS AND METHODS
Cloning and sequence analysis of ebony and aaNAT cDNA fragments
As described in Chapter 2, similar late stage embryos were utilized for the initial
RNA extraction, cDNA production, RT-PCR analysis, and cloning. Nested-PCR was
then used to produce the desired gene fragments. The ebony fragment was amplified
using two sets of primers designed from the available sequence data (ACCN:
CAI26307),

5’–TCAAGACGTGGGTATGCAGT-3’

and

5’–GAATGGCAAGACAGAC

CGAC-3’ as forward primers, with 5’–CATCTGCATCTGGGTGAACG-3’ and 5’–TGCT
GTGTTAGGGGATTGGT-3’ as reverse primers.

The aaNAT fragment was also

amplified using two sets of specific nested primers designed from (ACCN: BAC87874).
5’–TGCGAAGCAACGAGTGTAAC-3’

and

5’–CACCGATGGAGGTCTACGTT-3’

as

forward primers, with 5’AGGAACCAGTGGCAAATCAC-3’ and 5’–AGGCTGTCCATTC
TTGCAGT-3’ as reverse primers. Using the above primers a RT-PCR was performed
for both genes using the following conditions: 94º C for 2 minutes; 35 cycles of 94º C for
30 seconds, 72º C for 90 seconds; one cycle at 72º C for 7 minutes. This yielded a 880
bp fragment of ebony and a 646 bp fragment of aaNAT. These two fragments were
then used to produce ten clones of each. DNA from these clones was then isolated and
sent out for sequencing.

The resulting nucleotide sequences underwent the same

comparative analysis as previously described for confirmation. Verifying that our clones
were Peripelaneta americana ebony and aaNAT orthologues.
RNA Interference (RNAi)
Procedure was performed in an identical manner as Chapter 2. In total, of the 10
nymphs injected with ebony, 6 successfully molted into adults. For aaNAT RNAi, of the
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10 nymphs injected, 7 successfully molted into adults. All images were chosen to show
the most representative phenotypes.
RT-PCR Analysis
For initial protocol see Chapter 2.

The ebony and aaNAT transcripts were

amplified with the same specific inside primers used for cloning. ebony was amplified
using the forward primer 5’–GAATGGCAAGACAGACCGAC-3’ and the reverse primer
5’–TGCTGTGTTAGGGGATTGGT-3’. The PCR reaction conditions for ebony were as
follows: 94º C for 2 minutes; 29 cycles of 94º C for 30 seconds, 55º C for 60 seconds,
72º C for 30 seconds; one cycle of 72º C for 7 minutes. aaNAT was amplified by using
the forward primer 5’–CACCGATGGAGGTCTACGTT-3’ and the reverse primer 5’–AG
GCTGTCCATTCTTGCAGT-3’.

The PCR reaction conditions for aaNAT were as

follows: 94º C for 2 minutes; 28 cycles of 94º C for 30 seconds, 57º C for 45 seconds,
72º C for 30 seconds; one cycle of 72º C for 7 minutes. In both instances, there was a
significant reduction in the transcription levels of RNAi individuals when compared to
wild types.
Image Processing
See page15
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RESULTS
A functional analysis of ebony and aaNAT in Periplaneta americana nymphs
As previously reported in Chapter 2, the melanin pathway is not responsible for
the transparent light brown pigmentation in wild type Periplaneta 1ST nymphs (Fig. 3A).
To further support this data we performed embryonic RNAi analyses of two additional
melanin suppressing genes: ebony and aaNAT.

As described in Fig. 1, upon the

production of Dopamine, it is either used directly to produce dopamine melanin (black or
brown pigments) or is further converted by the NBAD (ebony) or NADA (aaNAT)
branches of the melanin pathway (Wright 1987). Previous reports in Drosophila and
Tribolium have shown that the NBAD branch of the pathway is responsible for the
suppression of black pigmentation (Wittkopp et al. 2002; Takahashi et al. 2007;
Tomoyasu et al. 2009), as the knockdown of ebony resulted in an increase of black
coloration. While additional studies have shown that NADA branch, more specifically
aaNAT, is responsible for producing clear sclerotin (Zhan et al. 2010; Osanai-Futahashi
et al. 2012).

Due to the known role of these genes in melanin suppression, it is

plausible that they are preventing the full melanization of Periplaneta 1ST nymphs, which
would explain their light coloration. However, this prediction would not be consistent
with our previous results that indicate an absence of the melanin pathway at this stage
of development. The embryonic RNAi knockdown of these two genes resulted in 1ST
nymphs with phenotypes identical in color to those observed in wild type individuals
(Fig. 3B&C). As a confirmation of the efficiency of our RNAi depletions, we performed
an RT-PCR analysis of both genes. Results confirmed that there 90% to 95% reduction
of ebony (Fig 3.1A) and aaNAT (Fig. 3.1B) transcripts. Taken together, these findings
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further corroborate our initial results (Chapter 2), indicating that another pigmentation
pathway must be responsible for the coloration of Periplaneta during the early stages of
ontogenesis.
As Periplaneta continues to develop the melanin pathway becomes active
around the 5TH nymphal stage, which is apparent in the dark brown coloration present
(Fig. 3.2A). With the function of the melanin pathway already confirmed at this stage of
development, it is imperative to further analyze the NBAD (ebony) and NADA (aaNAT)
branches role to fully understand the contribution of the melanin pathway to insect
pigmentation during the nymphal stages of development.

As reported in the

holometabolous species, Bombyx, the overexpression of either ebony or aaNAT
resulted in the overall lightening of larval body pigments (Osanai-Futahashi et al. 2012).
Therefore, the knockdown of either of these genes should result in a darkening of the
entire body.

In Periplaneta, the subsequent post-embryonic knockdown of ebony

resulted in black late nymphs, displaying a significant increase in melanization (Fig.
3.2B). This result coincides with Bombyx results, confirming the suppressing function of
ebony and the activity of the NBAD branch throughout the entire body.

Upon the

depletion of aaNAT, conversely, there was no change in the pigmentation of late
nymphs, indicating that the NADA branch of the melanin pathway is not functioning at
this stage of development (Fig. 3.2C). These results imply that the NBAD branch of the
melanin pathway is required for suppressing melanin production and maintaining the
proper intensity of the dark brown coloration observed in Periplaneta late nymphs.
Furthermore, they show that the NADA branch of the melanin pathway is not utilized in
pigmentation production at this stage of development.
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A functional analysis of ebony and aaNAT in Periplaneta americana adults
The final metamorphosis in Periplaneta concludes with the adult form, which is
very similar to late nymphs and has a dark brown pigmentation covering the majority of
its body (Fig. 3.3A-A4). The dorsal side is mostly dark brown except for a patch of clear
sclerotin on the T1 plate (Fig. 3.3A). The bulk of the ventral side is also dark brown,
with an unpigmented area present on the dorsal side of the coxa leg segments (Fig.
3.3A1). A close up of the T1 plate shows a distinct clear sclerotin patch in the shape of
a horseshoe with two brown oval patches in the middle (Fig. 3.3A2). The FW of adults
display a uniform dark brown coloration covering the entirety of the wing (Fig 3.3A3).
The HW has a distinct pigmentation pattern with a dark brown pigment covering the
entire anterior-distal region and no pigment in the wing tissue of the posterior-proximal
region. Note that dark brown pigment is present in the veins of this region (Fig 3.3A4).
With the presence of unpigmented sclerotin present in the coxa segments of
adult legs, the T1 plate, and hindwing, an additional analysis of the NBAD branch of the
melanin pathway is required to due to the differences in the application of melinazation
(full body vs. region specific) as described in the following studies. As reported in
Tribolium, the knockdown of ebony resulted in the overall darkening of body pigments
(Tomoyasu et al. 2009). In addition, the knockdown of aaNAT in Papiliio resulted in the
overall darkening of adult body pigments, indicating its suppressive function (Zhan et al.
2010). However, recent RNAi analyses of these genes in Oncopeltus indicated that
these two branches of the melanin pathway are utilized differently throughout the body,
the NBAD branch in the anterior regions and FW, the NADA branch in the HW (Liu et al.
2015). To fill in the gap and determine the role of ebony in Periplaneta adults, we first
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performed an identical post-embryonic RNAi analysis during the final nymphal stage.
The resulting ebony RNAi adults showed a similar increase in pigmentation levels as
observed in late nymphs, with a black pigment covering the majority of their body (Fig.
3.3B-B4). However, the clear sclerotin on the coxa leg segment (Fig. 3.3B1) and T1
plate (Fig. 3.3B2) were still present, indicating that more than one gene is responsible
for melanin suppression in these body region (Fig 3.3B2). In addition, the resulting FW
shows a substantial increase in pigmentation throughout the wing and is completely
black in color (Fig. 3.3B3). The resulting HW displays a similar increase in pigmentation
and vein coloration (black), with the wild type pigment pattern still present (Fig. 3.3B4).
It should be noted that clear sclerotin is only present in the coxa leg segment, T1 plate,
and hindwing. The white markings visible in the figures is due to light reflection. Taken
together, the ebony RNAi results in both late nymphs and adults confirm that ebony
functions in a body wide manner and is necessary for maintaining the dark brown
coloration of Periplaneta.
Based on our ebony RNAi analysis and the presence of clear sclerotin on the
legs (coxa) and T1 plate of adults after its knockdown, it is apparent that another
melanin suppressor is also functioning in these regions at this stage of development.
As described above, a possible candidate gene responsible for this pigmentation
pattern is aaNAT, an essential gene of the NADA branch of the melanin pathway
(Wright 1987; Hintermann et al. 1995; Brodbeck et al. 1998). To test this, we performed
a complementary aaNAT post-embryonic RNAi analysis during the final nymphal stage.
The resulting RNAi adults have the same dark brown pigmentation as observed in wild
type individuals, encompassing the majority of their dorsal and ventral sides, with the
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dorsal side of the coxa remaining unpigmented (Fig. 3.3C&C1). The only noticeable
change in phenotype is observed on the T1 plate, which loses the clear sclerotin patch
and is now completely brown in color (Fig. 3.3C2). With their FW (Fig. 3.3C3) and HW
(Fig. 3.3C4) displaying the wild type coloration and pigmentation patterns.

These

results indicate that the NADA branch of the melanin pathway is required for proper
pigmentation in adults only, as it was not required in later nymphal stages where
melanization also occurs.

In addition, these results corroborate previous results in

Oncopletus that show the NADA branch is working in a region specific manner (Liu et
al. 2015). However, those results suggested that aaNAT was utilized in the HW of
Oncopeltus, while we show that it is required for proper pigment patterning in only the
T1 segment of Periplaneta.
NBAD and NADA branch of the melanin pathway are both utilized in the same
body region (T1) of Periplaneta
In current study, the individual RNAi analyses of the NBAD and NADA branch of
the melanin pathway clearly show that they are functioning together to produce the wild
type T1 pigmentation pattern of adults. By comparing the T1 plate results from both
ebony RNAi (Fig. 3.3B2) and aaNAT RNAi (Fig. 3.3C2), we infer that ebony is
expressed where dark brown pigmentation is present, around the outer edges of the T1
plate and the two oval patches in the center (Not shaded). With aaNAT expression
restricted to the unpigmented clear sclerotin (horseshoe), which is shaded blue (Fig.
3.4A). Since ebony and aaNAT have never before been observed functioning in the
same specific region in all insect pigmentation studies, a more in depth examination is
required. To better understand the pigmentation process of the T1 plate, we performed
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a double RNAi knockdown of both melanin suppressing genes (ebony and aaNAT) in
late nymphs. The resulting adults show a uniform black pigmentation covering the
entirety of their dorsal side (Fig. 3.3D) and all most of their ventral side, with the
exception being the dorsal side of the coxa (Fig 3.3D1). The most significant change is
observed in the T1 plate where the wild type pigmentation pattern is no longer present
and the entire plate is black in color (Fig. 3.3D2). The FW (Fig. 3D3) and HW (Fig. 3D4)
are similar to those observed in ebony RNAi individuals as described above. The all
black T1 plate of the double knockdowns is identical to the T1 plate of ebony RNAi late
nymphs (Fig 3.2B). Taken together, these results indicate that ebony and aaNAT have
distinct roles in pigmentation of the T1 plate. ebony is required to maintain the proper
pigment intensity while aaNAT completely blocks pigment production. Furthermore,
these results further suggest that aaNAT is only required for the pigmentation of adult
Periplaneta. Overall, our analyses of the NBAD and NADA branch in Periplaneta reveal
a unique utilization of the melanin pathway that has not been observed before, where
pigmentation is driven by a combination of full body and region specific melanization.
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Fig. 3: The embryonic RNAi functions of ebony and aaNAT in Periplaneta americana.
(A) A wild type first nymph has a uniform light brown pigmentation encompassing the
entire body. (B) ebony RNAi first nymphs show a wild type phenotype, as the entire
body is light brown in coloration. (C) aaNAT RNAi first nymphs have similar results
showing an overall light brown pigmentation. All images were taken two days after
hatching from ootheca.
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Figure 3
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Fig. 3.1: The RT-PCR analysis of embryonic ebony and aaNAT RNAi in late stage
embryos. (A) The confirmation of ebony transcript knockdown. (B) Verification of the
knockdown of aaNAT transcript.

	
  

48

Figure 3.1
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Fig. 3.2: The post-embryonic functions of ebony and aaNAT in Periplaneta americana
nymphs.

(A) A wild type late nymph has a uniform dark brown pigmentation

encompassing the entire body. (B) ebony RNAi late nymphs are black in color due to
an excess of Dopamine used for dopamine melanin production. (C) aaNAT RNAi late
nymphs have a uniform brown body pigmentation similar to that of wild type individuals.
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Figure 3.2
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Fig 3.3: The post-embryonic functions of ebony and aaNAT in Periplaneta americana
adults. (A-A4) The pigmentation patterns of wild type adult Periplaneta. (A&A1) The
dorsal and ventral sides have dark brown pigmentation covering the majority of the
body, with the exceptions being the T1 plate and dorsal side of the coxa leg segments.
(A2) The T1 plate has a clear sclerotin patch in the shape of a horseshoe and two
brown oval patches in the middle.

(A3) The FW displays a uniform dark brown

coloration. (A4) The HW has a distinct pigmentation pattern with a dark brown pigment
present on the entire anterior-distal region, while its wing tissue unpigmented in the
posterior-proximal region, except for the veins, which are also dark brown in color. (BB4) The ebony RNAi phenotypes as observed in Periplaneta adults. (B&B1) The dorsal
and ventral sides show an increase in pigmentation resulting in a black appearance,
with the dorsal side of the coxa remaining unpigmented (B2) The T1 plate has the
same clear sclerotin patch as described in wild type, but the surrounding tissue is
pigmented black. (B3) The FW shows a similar increase in pigmentation throughout the
wing and are black in color. (B4) The HW has a similar pigmentation pattern as those
observed in wild type individuals except pigmented tissue and veins are black in color.
(C-C4) The aaNAT RNAi phenotypes show similar coloration to those observed in wild
type adults except for the T1 plate (C2), which loses the clear sclerotin and is
completely dark brown. (D-D4) ebony and aaNAT RNAi double knockdown phenotype
in adult Periplaneta.

(D&D1) The dorsal and ventral view exhibits a uniform black

pigmentation encompassing the entire body, with the coxa being an exception. (D2)
The T1 plate wild type pattern is no longer present and the entire plate is black in color.
The FW (D3) and HW (D4) are similar to those observed in ebony RNAi individuals as
described above. Abbreviations: FW, forewing; HW, hindwing.
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Figure 3.3
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Fig. 3.4: The proposed expression profile of ebony and aaNAT. The T1 plate of a wild
type Periplaneta adult. Due to the subsequent pigmentation pattern and results from
ebony and aaNAT knocks, it is predicted that aaNAT is expressed in the representative
blue area, while ebony is expressed in the remainder of the plate (Not highlighted).
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Figure 3.4
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DISCUSSION
Utilization of the NBAD and NADA branches of the melanin pathway in
Periplaneta nymphs
Recent findings indicate that there is a switch in the contribution of the melanin
pathway to black/brown pigmentation during early Periplaneta development (Chapter 2).
This is in contrast to multiple studies suggesting the conserved role of the melanin
pathway in insect pigmentation throughout ontogenesis (Wright 1987; Wittkopp et al.
2002; Wittkopp et al. 2003; Arakane et al. 2009). As a follow up of our original study,
we performed an RNAi analysis of ebony and aaNAT, two melanin suppressing genes
positioned in the NBAD and NADA branch respectively, to further confirm our initial
results. Due to their position downstream of TH and DDC, the essential melanin genes
of the primary branch that were previously analyzed (Fig. 1), it was expected that both
ebony and aaNAT would not play any role in the pigmentation of early nymphs. As
anticipated, the embryonic RNAi knockdown of both genes indeed had no effect on
nymphal pigmentation. These results further verified that another pigment pathway is
responsible for the observed light brown coloration during the early stages of
development.
However, our analysis of the essential melanin genes (TH and DDC) from
Chapter 2 clearly show that the observed increase in the intensity of pigmentation
leading to the dark brown coloration of late nymhs is attributed to the contribution of the
melanin pathway. Based on these findings, we examined in more detail the two other
branches of the melanin pathway (NBAD and NADA).

As described in previous

pigmentation studies, ebony (NBAD) and aaNAT (NADA) act as melanin suppressors
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(Takahashi et al. 2007; Tomoyasu et al. 2009; Zhan et al. 2010; Osanai-Futahashi et al.
2012). Since Periplaneta 5TH nymphs are uniform in color and have a dark brown
pigment encompassing their whole body, it is expected that both genes help maintain
the uniform pigment intensity.
resulted in black nymphs.

This is true for ebony, where the RNAi knockdown

However, upon the depletion of aaNAT, no change in

phenotype was observed, with resulting nymphs identical in color to wild type
individuals. These results specify that only two branches of the melanin pathway are
functioning during the late nymphal stages, the primary branch composed of the two
essential melanin genes (TH and DDC) and the NBAD branch of the melanin pathway
(ebony).
Utilization of the NBAD and NADA branches of the melanin pathway in
Periplaneta adults
It is widely agreed upon that the melanin pathway is responsible for the
production of black/brown pigments in most insects. This is apparent, as numerous
studies in different insect species have all indicated that the basic functions
(production/suppression) of the melanin genes are conserved. The two most essential
genes, TH and DDC, are responsible for the majority of pigment production (Wittkopp et
al. 2002; Wittkopp et al. 2003; Arakane et al. 2009; Liu et al. 2014). ebony, which is
present in the NBAD branch, is required for maintaining a proper intensity of
black/brown pigmentation (Takahashi et al. 2007; Tomoyasu et al. 2009). With aaNAT,
part of the NADA branch, utilized to produce clear sclerotin, lacking all pigment (Zhan et
al. 2010; Osanai-Futahashi et al. 2012; Liu et al. 2015). However, the roles of these
genes in the overall pigmentation process are not fully understood due to specific
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differences observed in holometabolous and hemimetabolous species.

Studies in

Drosophila, Tribolium, and Papilio indicated that the melanin suppressing genes, ebony
and aaNAT, are utilized throughout the body and produce a global effect when knocked
down or overexpressed. In contrast, a study in Oncopeltus shows that these genes are
used in a region specific manner.
Due to these inconsistencies, we focused on another hemimetabolous insect,
Periplaneta, to fill in the gap and further study the role of melanin suppressors in overall
body pigmentation. In accordance with results from other holometabolous species, the
subsequent knockdown of ebony responded in a full body manner. With the resulting
adult Periplaneta showing an increase in pigment production in all pigmented areas, the
head, thorax, abdomen, and wings, which are now black in color. However, our RNAi
analysis of aaNAT was consistent with hemimetablous results and showed a region
specific response. Upon the reduction of aaNAT only the T1 plate of adult Periplaneta
was affected, as the clear sclerotin patch was no longer present and the T1 plate was a
uniform dark brown color.

Even though a region specific response was observed,

aaNAT was previously shown to function only in the HW of Oncopeltus, preventing
pigmentation in the anal lobe (Liu et al. 2015). With Periplaneta also having a clear
zone in the posterior-distal region of the HW and on the dorsal side of the coxa leg
segments, it was expected that an RNAi response would also be present in both
regions.

The lack of response in the HW indicates that another gene must be

responsible for the suppression or patterning of pigmentation in this region of
Periplaneta. However, this is probably not the case in the unpigmented coxa of the legs
since they appear to be predominantly muscle. Due to the nature of this specific region,
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a lack of response is justified, as pigmentation would not be required for the proper
development of muscle tissues.

However, to validate both of these hypotheses a

further analysis of other genes in the melanin pathway or those known to regulate
pigmentation (transcriptional factors) is necessary to determine if these occurrences are
truly due to a region specific response or never undergo the pigmentation process. If
this first hypothesis holds true for the Periplaneta HW, then this would be another region
in where both a full body and region specific response occurs. Taken together, these
results reveal a more complex role of the melanin suppressing genes in the overall
pigmentation process, as both ebony and aaNAT have never before been observed
functioning in both a full body and region specific manner within the same species.
To further analyze the unique response in the T1 plate as described above, we
performed a double RNAi knockdown of both melanin suppressing genes.

When

comparing the two original single RNAi results it is quite apparent that aaNAT is the
gene solely responsible for the clear sclerotin patch on T1. This means the genes could
be functioning in two distinct ways. Firstly, ebony and aaNAT are both present in the
clear sclerotin tissue with the later preventing the function of the former. Secondly,
ebony might only be expressed in the surrounding tissues and not in the clear regions.
Our findings indicate that the first scenario is more plausible as the subsequent RNAi
adult T1 plate was completely black in color. This result further enhances our initial
findings, melanin suppressors work in two different manners, with ebony functioning at a
global level while aaNAT is region specific.
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The pigmentation process: Painting vs. Erasing
Belonging to one of the basal insect lineages whose earliest fossil records were
found in Carboniferous period, Periplaneta americana represents an excellent model to
further enhance our understanding of the generalized principles governing melanin
patterning in nature.

Currently, it is widely accepted that the melanin pathway is

necessary for the production of brown or black pigments in both holometabolous and
hemimetabolous insects (Wittkopp et al. 2009). As previously described in this chapter,
many of the prior reports have shown that the melanin pathway functions in a body wide
manner, as the knockdown of essential melanin genes has a global effect on
pigmentation. However, we know that this is not always the case as our current study
and reports in Oncopeltus and Drosophila have shown that melanin genes can produce
regions specific pigmentation patterns, which has been attributed to the regulation of
transcription factors (Kopp et al. 1997; Liu et al. 2015).
Due to the observed differences in the regulation of melanin genes among holoand hemimetabolous insects, a new generalized model was recently proposed by Liu et
al. (2015) to explain the evolution of melanin patterning. In this model, the contribution
of each melanin gene is based on how it affects the default state, the most predominant
pigment present in each body region.

The default state can be described in two

different manners, non-melanized (absence of black or brown pigment) and melanized
(presence of black or brown pigment). Depending on the default state of a particular
region, the melanin genes can then be utilized in a “painting” or “erasing” manner to
produce the specific pigmentation patterns.

For example, in unpigmented regions,

genes that function to produce brown or black pigments would be considered “painting”
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genes. In contrast, regions that are completely brown or black in coloration would make
use of “erasing” genes to remove or lessen the presence of these pigments. In some
instances, it is also possible that different genes are used in a “painting” and “erasing”
manner within the same region, which would then be considered a “mixed” mode.
Using this method, Liu et al. (2015) was able to show how the melanin patterns in
Tribolium, Papilio, Precis, and Drosophila were established, suggesting that it may be
generally applicable for studying the divergence of insect pigmentation.
In accordance with the above model, the default state of Periplaneta should be
fully melanized, since the majority of the body is dark brown in coloration. Based on our
findings (Fig. 2.2), the function of the two essential melanin genes, TH and DDC, are
necessary for generating dark brown melanin (ie. the default state). As observed in our
RNAi analysis of the NBAD branch of the melanin pathway, ebony is necessary for
maintaining a proper level of pigment intensity throughout the entire body (Fig. 3.3A-A4)
and would therefore be considered an “erasing” gene. Another example of an “erasing”
gene in Periplaneta would be aaNAT, which is the main gene of the NADA branch of the
melanin pathway and is required to produce the clear sclerotin patch on the T1 plate
(Fig. 3.3C-C4).

Even though we currently did not identify a “painting” gene in

Periplaneta, the presence of such a gene in particular body region(s) could explain why
a change in phenotype was never observed in our analyses of the suppression
(“erasing”) genes. For instance, the brown coloration on the anterior-distal region of the
HW (Fig 2.2A3) could be due to the function of an unknown “painting” gene. A possible
candidate for this role would be tan, whose RNAi depletion in Oncopeltus caused a
decrease of black pigmentation levels in the abdomen (Liu et al. 2015). However, a
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complete analysis of this gene and other candidate genes would be required to
determine if the “painting” mode is required for melanin patterning in Periplaneta.
In summary, our current results suggest that the general use of pigmentation
genes in creating lineage–specific color patterning had likely included multiple variations
throughout insect evolution.

For example, with all of the current major aspects of

Periplaneta pigmentation patterning attributed to the “erasing” mode, it is quite possible
that “painting” is not required in the basal insect species. Only later, during the radiation
of insect lineages, the more derived insects featuring intricate pigmentation patterns
may have acquired an additional use of the melanin genes (“painting” mode). This
scenario can be tested by expanding future studies to include hemimetabolous species
that are phylogenetically older than Blattoidea (cockroaches), such as Odonata
(dragonflies) or even primitively wingless lineages such as Thysanura (firebrats). In
turn, providing a more uniform examination of insect pigmentation throughout their
entire development.
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APPENDIX A
Appendix A: Timing of Periplaneta americana injections. For our embryonic RNAi
analysis wild type adult females were injected twice, once on each side of the anterior
most abdominal segment on the ventral side, three hours apart. For our post-embryonic
RNAi analysis nymphs around the 3RD nymphal stage were injected in their ventral
abdomen.

Injections were repeated every 2-3 weeks until a phenotype was first

observed (typically the 5TH nymphal stage). If possible, injections were continued until
the adult stage. This process was not possible in the knockdown of TH or DDC due to
their importance in cuticle formation. The resulting cuticles were very soft and the
nymphs dried out and died. If this occurred late wild type nymphs were injected in the
same manner to observe wild type phenotypes.
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Appendix A
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APPENDIX B
Appendix B: Post-embryonic functions of ebony and aaNAT in the wing tissue of
Periplaneta adults HW. (A) Magnified section of the wild type HW. (B) Magnified
section of the aaNAT RNAi HW. (C) Magnified section of the ebony RNAi HW. (D)
Magnified section of the ebony + aaNAT RNAi HW. All images were taken at 2.5X
using the same exposure time and intensity of light. Changes of pigmentation are only
observed in the HW veins, while the wing tissue between remains unpigmented.
Abbreviations: HW, hindwing.
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Appendix B
	
  

66
APPENDIX C
Appendix C: The post-embryonic functions of TH and DDC in Acheta domesticus
adults. (A) The wild type pigmentation pattern of the common house cricket. The body
is mostly light brown in color with distinct dark brown markings on the dorsal head,
thorax, and abdomen. (B) The TH RNAi phenotype. The body remains the light brown
color but the dark brown markings are no longer present.
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Appendix C
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APPENDIX D
Appendix D: The embryonic RNAi knockdown of Ultrabithorax (Ubx) in Periplaneta
americana results in the shortening of T2 leg and T3 legs. The T2 and T3 legs of thirty
wild type and Ubx RNAi Periplaneta 1ST nymphs were analyzed. (A) A wild type 1ST
nymph leg showing the segments measured: femur, tibia, and tarsus. (B) An individual
comparison (WT vs. Ubx RNAi) of each segment of T2 and T3 legs. (C) An overall
comparison (WT vs. Ubx RNAi) of the combined leg measurements from T2 and T3
legs. A ~ 8% decrease was observed in Ubx RNAi T2 legs, with a ~ 10% decrease
observed in Ubx RNAi T3 legs Abbreviations: WT, wild type.
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Appendix D
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APPENDIX E
Appendix E: The RT-PCR analysis of embryonic Deformed (Dfd) RNAi in late stage
Periplaneta americana embryos. A confirmation of Dfd transcript reduction.
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Appendix E
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Pigmentation is one of the most diverse and distinguishable features of insect
morphology. The most prominent colors observed in insects are black or brown, whose
production is attributed to the melanin pathway. At present, though, the contribution of
this pathway to overall body pigmentation throughout ontogenesis is still lacking. To
address this question we examined the roles of four key melanin genes (TH, DDC,
ebony, and aaNAT), in embryonic and post-embryonic development of Periplaneta
americana. Our results show show that while the melanin pathway plays no role during
the earliest nymphal stages, it is required during the later stages of development. In
addition, each of the four genes contributes in a distinct way to generate full body or
region specific pigmentation patterns. Overall, these findings bring novel insight into the
insect pigmentation mechanisms and establish Periplaneta as a suitable model for
future melanin studies.

	
  

77
AUTOBIOGRAPHICAL STATEMENT
Born on a sunny Friday morning in April of 1986, my curiosity in insects was
apparent from day one. Before I could even walk I was amazed by the many different
insects I came in contact with as I explored the front lawn of my childhood home in
Grosse Ile, Michigan. In the beginning, I was most attracted to the unique taste each
and every one of these new and interesting creatures. However, as time progressed
and I learned more about the developmental and genetic basis of insects, my interests
really peaked. While attending Grand Valley State University and working towards my
B.S. in Cellular and Molecular Biology, I was provided with a unique research
opportunity that would allow me to further study insect development.

With the

mentoring of Dr. Georgette Sass, I conducted my first research study on the maternal
effect of the delorian mutation in Drosophila. This experience was just the tip of the
iceberg and I knew there was much more to be learned about insect development.
In 2011, I started my graduate studies in the Biological Sciences department of
Wayne State University. Under the guidance of Dr. Aleksandar Popadic I was able to
further explore my interests in insects while investigating the contribution of the melanin
pathway to overall body pigmentation in both Oncopeltus and Periplanta as I worked
towards a M.S in Biological Sciences. I have thoroughly enjoyed this experience and
will always remember it fondly. As all good things must come to an end, I have set my
love of insects aside as I take the next steps in my academic career. Starting this
summer I will be attending the Indiana University School of Dentistry in pursuit of
another one of my childhood passions.

	
  

